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Amyloid is traditionally viewed as a consequence of protein
misfolding and aggregation and is most notorious for its associ-
ation with debilitating and chronic human diseases. However, a
growing list of examples of “functional amyloid” challenges this
bad reputation and indicates that many organisms can employ
the biophysical properties of amyloid for their benefit. Because
of developments in the structural studies of amyloid, a clearer
picture is emerging about what defines amyloid structure and
the properties that unite functional and pathological amyloids.
Here, we review various amyloids and place them within the
framework of the latest structural models.

The idea that functional proteins can employ an amyloid
structure is just the latest step in the evolution of the concept of
amyloid. The term amyloid is itself a misnomer arising from its
originalmisidentification as being composed of starch, but even
after it was determined to be proteinaceous (reviewed in Ref. 1),
its identity was largely defined by its histological properties,
such as localization to tissue plaques with specific dye-binding
properties. A protein structural view of amyloid began to
emerge in the 1960s after the work of Cohen and Calkins (2),
who first reported its non-branching fibrillar structure viewed
by electron microscopy. A decade later, Eanes and Glenner (3)
showed by x-ray diffraction that amyloid is �-sheet-rich, with
the �-strands perpendicular to the long axis of the fibrils, the
distinctive “cross-�-pattern.” Thus, amyloid came to be viewed
as a highly ordered filamentous structure and not simply amor-
phous deposits in tissue.
The traditional link of amyloid to disease has led some to

assert that the term “amyloid-like” should be used for proteins
that possess the hallmarks of amyloid but are not associated
with pathological plaques (4). Regardless of localization or
functionality, there exists a protein biophysical state that is not
limited to disease and more broadly represents a low-energy
conformation that is common tomany polypeptides (5). Know-
ing which proteins are likely to be amyloidogenic under physi-
ological conditions is difficult because there is no particular
defining amino acid sequence motif. Moreover, amyloid-form-
ing proteins display a broad range of sequence composition;

however, intrinsic disorder (or destabilized structure) in the
amyloid-prone domain is common.
The contemporary definition of amyloid is based primarily

on its structural and biophysical properties. Amyloid is a highly
ordered protein aggregate with a filamentous morphology that
is generally unbranchedwith indefinite length and diameters of
�2–20nm.These fibrils are rich in�-sheet secondary structure
and are formed by the noncovalent polymerization of a single
protein with the polypeptide chains aligned in the cross-�-con-
figuration. Amyloid is also generally relatively resistant to dena-
turation and proteolysis and shows yellow-green birefringence
on binding Congo red and intense fluorescence on binding
thioflavin T. However, these dyes are imperfect reporters, and
they are not necessarily specific to a single type of amyloid
structure (6). Several algorithms have been developed to pre-
dict amyloid propensity based on general sequence character-
istics, such as hydrophilic residues, intrinsic disorder, and lack
of charge (for example, see Ref. 7).
The “functional amyloid” concept is based on the discovery

of several proteins that natively form filamentous aggregates
with many of the biophysical qualities of amyloid (Table 1).
How functional amyloid may be similar to or different from
pathological amyloid is becoming clearer as more is learned
about amyloid structure. Several very different amyloid folds
have been demonstrated, as outlined below.

Challenges of Structure Elucidation

Determining high-resolution structural information for
amyloid has been historically challenging. The standard meth-
ods of transmission electron microscopy (TEM)2 and atomic
force microscopy have been instrumental in its gross structural
characterization, but they do not provide atomic level informa-
tion. Amyloid is inherently noncrystal-forming, which pre-
cludes it from structural elucidation by x-ray crystallography.
Also, because of the large size and particulate nature, it is not
amenable to solution NMR spectroscopy. Although solution
NMR and hydrogen-deuterium exchange can be used in char-
acterizing such proteins in their soluble state and in defining
amyloid-forming regions of proteins, they are limited in
their ability to provide atomic level details of proteins in the
large aggregated state. For these reasons, high-resolution
details of amyloid structures have greatly lagged behind other
large biological complexes, but during the past decade, ad-
vances in several techniques have begun to define some of their
atomic level details.
Traditional TEM has served particularly well in the identifi-

cation of amyloid polymorphisms, in which different structural
elements are propagated along the length of the fibril, resulting
in different fibril morphologies, such as ribbons or twists. Such
morphological heterogeneity is a common characteristic of
amyloid and is an indication of atomic level structural hetero-
geneity (8). EM can also be used tomeasure themass per length
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of fibrils, which gives the number of protein monomers (or
fraction of a monomer) that compose a unit length of the fibril,
determining important constraints for model building. This
method, employed most effectively using a scanning transmis-
sion electron microscope (9), can differentiate between cate-
gorically distinct fibrillar structures based on their packing den-
sities. A more accessible method using standard TEM has also
been developed (10).
Although amyloid fibrils cannot be crystallized, rational

approaches using x-ray crystallography have contributed to
understanding amyloid structure, particularly with respect to
how amino acid side chains and their corresponding �-sheets
may pack into fibril cores. Short amyloidogenic segments can
form crystals that presumably possess qualities of amyloid
structures, which are themselves like one-dimensional crystals.
The Eisenberg laboratory determined the atomic architecture
of several short peptides (4–10 residues) derived from amyloid
proteins, such as Sup35, insulin, amyloid-� peptide (A�), Tau,
amylin, and prion protein, which they were able to grow as
three-dimensional microcrystals (11–13). The structures of
thesemicrocrystals all revealed�-sheets with an interlocking of
self-complementary surfaces of adjacent �-sheets, a structure
termed “steric zipper” (11–13). It is proposed that the presence
of short sequences with self-complementary side chains is a
determinant of amyloid formation.
Some of themost informative amyloid structure information

has resulted from developments in techniques of solid-state
NMR (ssNMR) and EPR spectroscopy, which can yield atomic
spacing information on full-length proteins in the amyloid
state. For ssNMR, uniformly 13C,15N-labeled samples offer the
most possible information, but microheterogeneity of amyloid
structure in even the best samples and the lower resolution of
ssNMR compared with solution NMR often result in spectra
that are too crowded to assign signals to specific nuclei. Specif-
ically labeling selected atomsmitigates this problem, but unless
the protein is small enough to be synthesized, one is limited to
labeling in Escherichia coli using isotopically labeled amino
acids in the growth medium. Despite these limitations, ssNMR
has produced enough atomic distance constraints in a few cases
to build complete high-resolution atomic structures (14–16).

Because of such advances, it has become clear that although all
amyloids share certain biophysical characteristics, they can be
based on very different atomic level structure.

Amyloid Structure

Dozens of amyloid-forming peptides and proteins have been
at least partially structurally characterized (Table 2). The struc-
tural information indicates that different proteins polymerize
into filamentous structures that are rather broadly considered
amyloid but based on structurally different arrangements. In
some cases, there is the stacking of peptide strands in parallel
and antiparallel sheets. In these cases, each contributing poly-
peptide is part of the greater fold of the fibril but does not
necessarily compose a stably folded subunit in itself. In other
cases, each subunit stacks to form the fibril, but the subunits are
themselves in conformations that are recognizable as distinct
protein folds. Both functional and pathological amyloids can be
based on either arrangement, but functional amyloids may
more frequently employ the stacking of folded subunits.
Parallel In-register �-Sheets—Parallel in-register �-sheet

structure is the most common underlying architecture
observed for pathological amyloid (Fig. 1,A andE). These fibrils
are composed of stacked polypeptide strands that lie perpen-
dicular to the fibril axis and form backbone hydrogen bonds
with the adjacent strands aligned in-register and parallel. Each
residue thus forms an aligned row along the long axis of the
fibrils. As a result, the main chain hydrogen bonds are parallel
with the long axis, and the �-sheets run the length of the fibril
(Fig. 1E).
EPR is well established in determining parallel in-register

amyloid structure (17). The general approach is to introduce a
single unpaired electron spin label at a naturally occurring or
introduced cysteine residue in the protein (18). Distances
between spin labels can yield information about the config-
uration of the polypeptides. The neuronal aggregation of the
protein �-synuclein is associated with neurodegenerative
disorders like Parkinson disease. Amyloid fibrils of recombi-
nant �-synuclein were shown by EPR to be based on parallel
in-register architecture (19). �2-Microglobulin is a 99-amino
acid protein found in amyloid deposits in the joints of

TABLE 1
Examples of proposed functional amyloid and amyloid-like proteins

Protein Organism Amyloid function/characteristics

Chaplins S. coelicolor Spore surface protein (66)
Chorion proteins Antheraea polyphemus (silk moth) Family of proteins that compose egg shell chorion; protective

function (80)
Curli E. coli Adhesion to surfaces; biofilm component (54)
FapC Pseudomonas fluorescens Biofilm component (81)
Hydrophobins Neurospora crassa Form amphipathic surface layer (67, 68)
HpaG Xanthomonas Plant pathogen virulence factor (39)
HET-s P. anserina HET-s prion amyloid is determinant of hyphal fusion (82)
Fungal adhesins Candida albicans, Saccharomyces cerevisiae Cell adhesion (83, 84)
Microcin E492 (Mcc) Klebsiella pneumoniae Amyloid formation is proposed to regulate Mcc toxicity (85)
MSP2 Plasmodium falciparum MSP2 (merozoite surface protein 2) has been implicated in

erythrocyte invasion (86)
Nsp1 S. cerevisiae FG repeat forms amyloid-like associations to control

nucleocytoplasmic mixing at nuclear pore (87)
Peptide hormones Homo sapiens Protein hormones in secretory granules are stored in an

amyloid-like conformation, which enables controlled
release of monomeric functional hormone (88)

Pmel17 H. sapiens Facilitates melanin synthesis (89)
TasA Bacillus subtilis Biofilm component (90)
Type I antifreeze protein (AFP) Pseudopleuronectes americanus May play role in ice inhibition (91)
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patients undergoing long-term hemodialysis. Like �-sy-
nuclein, spin-labeled recombinant protein in the amyloid
form was determined by EPR to be based on the stacking of
polypeptides in parallel in-register �-sheets (20). The spin
labels were distributed throughout �2-microglobulin, indi-

cating that most of the protein is involved in the stacking.
This is consistent with the findings of Iwata et al. (21), who
used a combination of ssNMR and other methods to con-
clude that a peptide of �2-microglobulin formed the same
type of structure.

TABLE 2
Examples of structurally characterized amyloid-forming proteins
aa, amino acids.

Protein/peptide Pathology/function linked to amyloid Structural information

�-Synuclein (aa 1–140) Parkinson disease Five �-strands within fibril core comprising residues
35–96 (92); parallel in-register �-sheet core region
from residues 36–98 (19)

A�1–40 Alzheimer disease Parallel in-register �-sheet (16); two fibril
morphologies (twisted and striated ribbons) with
2- and 3-fold symmetry; both are parallel �-sheets,
using almost same �-strand segments (8, 24)

A�1–40 seeded with diseased brain Alzheimer disease Parallel in-register �-sheet (75)
A�1–40(D23N) Familial Alzheimer disease Two species: antiparallel (major) and parallel

in-register (minor) �-sheets (51)
A�1–42 Alzheimer disease Parallel in-register �-sheet (93); molecules form steric

zipper (94)
Amylin (aa 1–37) Type 2 diabetes Four layers of parallel �-sheets (25)
�2-Microglobulin (aa 1–99) Dialysis-related amyloidosis Parallel in-register �-sheet (20); fibril core comprising

60–70 residues (95)
Curli (CsgA and CsgB) Proteins secreted by E. coli; biofilm formation,

surface colonization
Not parallel in-register, likely �-helix (55)

HET-s (aa 218–289) Regulation of heterokaryon formation in
P. anserina

Left-handed �-helix structure (14)

Htau40 Tauopathies Parallel in-register �-sheet (96, 97)
Rnq1 (aa 153–405) Prion of S. cerevisiae; increased frequency of

generation of �URE3� and �PSI�� prions
Parallel in-register �-sheet (36)

Sup35 (aa 1–253) Prion of S. cerevisiae; reduction in fidelity of
translation termination

Parallel in-register �-sheet (35); multiple variants
employ same basic architecture (34)

Ure2 (aa 1–89) Prion of S. cerevisiae; inappropriate
derepression of nitrogen catabolism genes

Parallel in-register �-sheet (98)

FIGURE 1. Filamentous aggregates can be composed of various arrangements of their constituent proteins. Very different structures are proposed for
various amyloids. A, parallel in-register �-sheet structures are composed of individual polypeptides stacking in-register every �4.7 Å along the fibril axis
(common to many full-length proteins in pathological amyloids). B, antiparallel �-sheet structures are also composed of polypeptides stacking every �4.7 Å,
but �-strands alternately run in opposite directions (observed primarily in amyloids composed of short polypeptide sequences). C, �-helices are composed of
a single polypeptide wrapping around an axis, forming intramolecular parallel �-sheets (likely the structural basis of two functional amyloids). D, some
�-sheet-rich proteins can linearly assemble into filamentous structures by other mechanisms, including domain swapping. E, amyloids composed of parallel
in-register �-strands form continuous �-sheets that run the length of the fiber. The dimensions and packing densities of such amyloids suggest that the fibrils
are composed of sheets folded upon themselves, as has been shown with A� (16). Complementary side chains may form steric zippers that stabilize the
interlocking sheets. In the case of yeast prion amyloids, multiple and different sheet folds may underlie the variant phenomenon.
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The best characterized pathological amyloid structure is that
of A�, which accumulates in brains of patients suffering from
Alzheimer disease (reviewed Ref. 22). A�1–40, A�1–42, and
shorter fragments have been studied by ssNMR. The relatively
small size of A� facilitates structure elucidation because the
full-length peptide can be synthesized with the insertion of iso-
topic labels at specific sites. Like many amyloid proteins, A�
can form morphologically distinct fibrils, but the underlying
structural basis of A� fibrils is relatively constant: peptides
stacked in-register forming parallel�-sheets (Fig. 2A) (8, 16, 23,
24). The ssNMR data with mass-per-length measurements

indicate that morphologically different fibrils can result from
different numbers of peptides forming each �5-Å layer along
the fibril axis. Similar structuralmodels have been proposed for
amylin (type 2 diabetes) and human prion protein (25, 26).
Prions are infectious proteins that propagate information

within the structure of the proteins themselves, as opposed to
within nucleic acid.With some exceptions (27), most yeast pri-
ons are based on infectious amyloid. The following yeast pro-
teins have been shown to be capable of being amyloid-based
prions in yeast: Sup35, Ure2, Rnq1, Swi1, and Mot3 (28–32).
The part of each protein responsible for the prion properties
(the prion domain) is a large segment rich in hydrophilic amino
acids like glutamine and asparagine and poor in charged and
hydrophobic amino acids. These regions are presumably
natively disordered but capable of aggregating into self-propa-
gating amyloid that is the basis of the respective prion. The
prion domains of Ure2, Sup35, and Rnq1 have each been char-
acterized by ssNMR to determine the underlying architecture
of their infectious form (33–36). Such experiments employed
recoupling methods like PITHIRDS-CT (37), in which the rate
of signal decay from selectively labeled nuclei is inversely pro-
portional to the cube of the distance to the next nearest labeled
nucleus. The prion domains were labeled at specific residues,
and it was determined that, in each case, the nearest labeled
neighbor was �5 Å distant, essentially the 4.7-Å distance
between strands of a�-sheet. That this nearest neighborwas on
a different molecule was confirmed by diluting labeled mole-
cules with �4-fold unlabeled molecules, showing that the rate
of signal decay was dramatically diminished. These results can
be explained only by a parallel in-register �-sheet architecture.
Mass-per-length measurements of infectious amyloid of vari-
ous Sup35 and Ure2 constructs show one monomer per 4.7 Å
(33, 38), the value predicted for a parallel in-register structure.
Based on the similarities among the known yeast prions, it is
likely that this is their common structural mechanism.
The parallel in-register architecture places a severe restraint

on the possible amyloid structures, but the diameter of fibrils is
generally smaller than if they formed a single flat �-sheet. The
dimensions suggest that the sheets must be folded along the
long axis of the fibrils (Fig. 1E). The locations of these folds
could differ in different prion amyloid variants (biologically and
structurally different prions that are based on the same prion
protein). Thus far, only prions with parallel in-register struc-
ture display multiple prion variants determined by the same
prion protein. Stacking peptides in-register provides a mecha-
nism by which a single peptide chain can structurally encode
and faithfully propagate any of several different prion variants.
It is proposed that the same interactions between identical side
chains aligned along the long axis of the fibrils that hold the
strands in-register also direct a monomer joining the ends of
the filaments to adopt the same structure as molecules already
in the amyloid fibrils.
Harpins are heat-stable virulence proteins secreted by bacte-

rial plant pathogens and may have a structure similar to that of
yeast prions. HpaG, a harpin ofXanthomonas, forms fibrils that
are indistinguishable from amyloid by EM and has a functional
role during pathogenesis that elicits the plant hypersensitive
response (39). HpaG has a repeat sequence nearly identical to a

FIGURE 2. Structures of pathological and functional amyloids. A, sche-
matic representation of a parallel in-register �-sheet structure of A�1– 40 (99).
The Protein Data Bank file was kindly provided by Rob Tycko. The fibril is
composed of two protofibrils (a single protofibril is shown in the lower half of
A), which are each composed of stacked A�1– 40 peptides in-register with the
preceding and following peptides. B, schematic representation of HET-s
�-helical amyloid (residues 223–283 from Protein Data Bank code 2KJ3) (100).
The monomers alternate between blue and yellow, revealing that each poly-
peptide provides two �-strands that wrap around the long axis of the fiber.
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repeat found in the yeast prion protein Rnq1 and may form a
functional yet toxic amyloid based on the common parallel in-
register stacking of subunits.
Pmel17 forms a functional amyloid formelanin biosynthesis,

promoting melanin deposition and possibly protecting cells
from reactive intermediates produced during melanin biosyn-
thesis (40). It is processed by a series of proteolytic and glyco-
sylation steps and is assembled into a filamentous form in
maturingmelanosomes, the organelle wheremelanin is formed
and stored. A fragment of Pmel17, “the repeat domain” (RPT),
comprising 10 imperfect repeats, is known to be required for
filament formation in vivo (41), is present in the in vivo fila-
ments (42), and forms amyloid in vitro (43). The filaments form
only at the mildly acidic pH (�5) required in melanosomes for
melanin synthesis. The RPTdomain frommouse and zebrafish,
where there is no sequence conservation, also showed selective
amyloid formation at acidic pH (44). Both mouse and zebrafish
RPT domains were shown by ssNMR to form fibrils based on
parallel in-register �-sheet architecture. Moreover, the mouse
RPT fibril mass-per-unit length measurement is consistent
with stacking of whole polypeptides every 4.7 Å.
Antiparallel �-Sheets—Many small peptides that form amy-

loid fibrils, including fragments of A�, arrange in antiparallel
�-sheets (Fig. 1B), which is also the most common �-sheet
arrangement in globular proteins. Both A�16–22 and A�11–25
were shownby ssNMR to form amyloid based on an antiparallel
alignment of the peptides (45, 46). The same was shown for
A�34–42, whoseC terminus formed an antiparallel�-sheet (47).
Likewise, a 10-residue fragment of amylin, a peptide linked to
complications of type 2 diabetes, was found by ssNMR to
arrange in antiparallel �-sheets (48). For polyglutamine, often
associated with Huntington disease, antiparallel stacking was
proposed based on x-ray diffraction data (49), although several
other structures have been suggested (reviewed in Ref. 50).
Antiparallel conformations may be overrepresented in the

literature because small peptide segments are frequently used
in structural studies as a simpler alternative to full-length pro-
teins, especially in cases in which specific isotopic labels are
desired and peptide synthesis methods put limits on the possi-
ble length of the polypeptide, and yet arguably no full-length
amyloid proteins have been observed to preferentially form
antiparallel �-sheet structures. A sole exception may be a
mutant form of A�1–40, associated with early onset familial
Alzheimer disease, that was found to form fibrils with antipar-
allel strands (51).

�-Solenoids/�-Helices—The strands in a �-helix (or sole-
noid) align to form parallel �-sheets, but the strands wrap
around an axis in a helical arrangement, and unlike parallel
in-register�-sheets, parallel strands in helices have intramolec-
ular backbone hydrogen bonds. The infectious amyloid of the
HET-s prion protein of Podospora anserina yielded good-qual-
ityNMRdata (52), enabling the elucidation of a high-resolution
structure (14). Within this �-helix amyloid, each HET-s mon-
omer makes two helical turns around the filament axis, and the
strands form parallel �-sheets (Figs. 1C and 2B). Recently, a
HET-s homolog showing only 38% sequence identity to HET-s
was found to be able to cross-seed fibril formation (53). This
may indicate the importance of three-dimensional structure

and not protein sequence, which would make it distinct from
in-register stacking of other amyloids.
Curli are extracellular fibrous structures formed by some

enterobacteria. They represent a category of adhesin proteins
that facilitate the binding to surfaces and the formation of bio-
films. The curli of E. coli are essentially filamentous homopoly-
mers composedmostly of theCsgAprotein. A�-helix structure
of the CsgA monomer was proposed based on sequence align-
ment (54). SsNMR experiments with isotopically labeled CsgA
ruled out a parallel in-register structure for CsgA amyloid (55).
Moreover, mass-per-length measurements indicated a packing
density that would be consistent with a �-helix structure.
Other�-Folds andDomain Swapping—Some aggregates that

have been described as amyloid may be composed of proteins
that remain largely in their native fold. Slight misfolding or
structural rearrangement may potentiate a linear aggregation
phenomenon. Such aggregation as the result of linear domain
swapping between globular proteins has been proposed (56,
57). The polymerization of some serpin proteins, a structural
class of proteins first identified as inhibitors of proteases, is
associated with a family of diseases known as serpinopathies
(58). X-ray crystallographic studies of a stable serpin dimer sug-
gested that the �-sheet-rich serpins can form aberrant fibrillar
structures through a domain-swapping mechanism in which a
�-hairpin from each protomer is inserted into a �-sheet in the
next protomer (59). Such polymers are superficially similar to
amyloid, as they are disease-associated, fibrillar, and rich in
�-sheet structure. Several other proteins have been proposed to
polymerize through domain swapping (Fig. 1D). Human cysta-
tin C, which is found in some types of amyloid deposits, was
suggested to aggregate via a domain-swapping mechanism (60,
61). Also, the immunoglobulin-binding domain B1 of strepto-
coccal protein G (GB1) forms fibrils through domain swapping
(62).
The formation of extracellular amyloid composed of the pro-

tein transthyretin is linked to familial amyloid polyneuropathy
and senile systemic amyloidosis. EPR and NMR studies suggest
that transthyretin remains relatively folded in the amyloid con-
formation but undergoes structural rearrangements that
permit the stacking of �-strands to form filaments (63, 64).
Likewise, the superoxide dismutase SOD1, implicated in amyo-
trophic lateral sclerosis, forms �-sheet-rich filamentous aggre-
gates through a structural rearrangement that enables subunit
stacking (65).
Recently, spores of some bacteria and fungi have been pro-

posed to have functional amyloid on their surfaces. The fila-
mentous bacterium Streptomyces coelicolor produces aerial
hyphae for spore dispersion. The spores possess surface pro-
teins known as chaplins, which form amyloid-like fibrils (66). In
some fungi, hydrophobin proteins form amphipathicmonolay-
ers on the surfaces of aerial hyphae and spores. Hydrophobins
are cysteine-rich and self-aggregate into small filamentous
structures termed rodlets, which have been characterized as
amyloid-like because of their dimensions and dye-binding
characteristics (67, 68). Like many amyloid-forming proteins,
hydrophobins are largely disordered when in the soluble state
(67). Multidimensional NMR spectroscopy was used to pro-
duce a solution structure of the class I hydrophobin EAS (69).
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EAS assumes a �-barrel conformation in solution, and it was
proposed that the �-barrels stack to form the filamentous rod-
let structures.
Non-amyloid Protein Polymers—As new examples of amy-

loid (both pathological and functional) continue to accumulate,
it may become increasingly necessary to draw distinction with
what is not amyloid. Many non-amyloid filamentous assem-
blies of proteins are well characterized and typically involve the
linear assembly of folded globular proteins. Cytoskeletal pro-
teins, such as actin and tubulin, assemble into filamentous
structures, as do structural proteins, such as keratin. Also, there
are many bacterial adhesin proteins that are assembled into
extracellular filamentous structures (fimbriae or pili) that are
structurally different from amyloid-based adhesins like curli
(discussed above). In many cases, these fimbrial structures are
composed of proteins with immunoglobulin-like structures
that polymerize through donor strand exchange (70), i.e. each
subunit donates a �-strand to complete a sheet in the next sub-
unit (Fig. 1D). Such fimbrial assemblies are filamentous and
could even have cross-�-structure if the �-strands consistently
tended to align perpendicular to the fiber axis, but fimbriae are
not described as being amyloid.

Amyloid Intermediate and Oligomeric Structures

The accumulation of protein into an aggregate may produce
either a loss or gain of function (if the amyloid has some func-
tional or toxic activity) or even some combination of both. In
the case of pathological amyloids, the nature of the actual toxic
species is not well understood. There is evidence that distinct
toxic oligomeric and annular intermediates may exist on the
pathway to amyloid formation (71, 72). It has been observed
that soluble oligomers of A� correlate better with disease cau-
sation than the insoluble fibrillar deposits that are present in
amyloid plaques, suggesting that oligomeric forms are the toxic
species (73). In such cases, the further conversion to amyloid
from toxic oligomer could be considered protective. Because
little structural information is available, classifying these oligo-
meric species has been challenging. However, even off-pathway
oligomers could masquerade as intermediates if their forma-
tion is reversible, whereas that of the amyloid is more stable.
Any pathology or biochemistry that is due to the ends of fila-
ments would be preferentially produced by shorter filaments
(even if they have the same basic structure as longer ones).
Successive halving of filaments would result in an exponential
increase in filament ends, which could explain themuch greater
toxicity observed for oligomeric species if they are simply the
smallest filament units. If toxic oligomeric structures are a com-
mon feature of amyloids, functional amyloids would likely
require mechanisms to protect cells from their toxicity. Also,
because different amyloids are based on very different struc-
tures, it is unlikely that each would transition through a similar
toxic intermediate.

Functional Versus Pathological Amyloid Structure

The amyloids that are the consequence of misfolding gener-
ally appear to be in a low-energy conformation accessible to
many polypeptides of very different amino acid sequence and
composition. Parallel in-register �-sheet amyloids may repre-

sent a common low-energy conformation. Conceivably, many
proteins could achieve such a conformation, which may ulti-
mately be more common among pathological amyloids. How-
ever, the RPT domain of the functional amyloid Pmel17 adopts
this conformation, so theremay be cases inwhich this structure
is employed to serve a function. Filamentous structures that
result from the linearly assembled folded proteins might be
different in this regard because, although theymayhave a cross-
�-configuration as determined by diffraction, they do not nec-
essarily represent a common low-energy structure achievable
by divergent polypeptides. The amyloid form of HET-s has an
ascribed function, and according to Greenwald and Riek (74),
“HET-s has evolved to fold into a cross-�-motif and therefore
may be more complex than the disease-related amyloids for
which the cross-�-structure is an unfortunate energyminimum
on the folding landscape.” The same could be said of CsgA
monomers within the curli amyloid, which also has a defined
function and is likely based on a�-helical structure. Perhaps the
�-helix will prove to be common among functional amyloids;
because each subunit is folded, it may avoid issues of “variants”
and “strains” that are observed for other amyloids and prions.
�-Helices or immunoglobulin folds are most certainly not low-
energy conformations common to all members of the diverse
family of amyloid proteins. Thus, amyloid is rather loosely
defined, including proteins with very different structural folds
composing the body of a fibril.
These structures may inform us about their biology. Fibrils

composed of parallel in-register �-sheets provide a ready tem-
plate for polypeptides of the same sequence. This suggests a
mechanism of inheritance, which can explain the infectious
behavior of yeast prions and their tendency to form multiple
variants. This also provides a mechanism for pathological amy-
loids to propagate in tissue and suggests that non-prion amy-
loid diseases may also have variants, which was recently dem-
onstrated with extracts from Alzheimer patients seeding
distinct A� variants in vitro (75).

What Is Amyloid?

There has been a surge in newly proposed functional amy-
loids, although the list of pathological amyloids also continues
to grow. Recently, amyloid adhesins have been proposed to be
abundant in natural biofilms produced by a variety of organ-
isms (76, 77). Moreover, bacterial inclusion bodies have been
proposed to be composed of amyloid (78), and also there have
been amyloid-like inclusions observed in plant chloroplasts
(79). Asmore amyloids and their structures are characterized, it
is likely that the concept of amyloid will continue to evolve.

Acknowledgment—We thank Rob Tycko for providing coordinates for
a ssNMR A�1–40 structure.
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mann, A., and Meier, B. H. (2010) J. Am. Chem. Soc. 132, 13765–13775

MINIREVIEW: Functional and Pathological Amyloid Structures

16540 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 19 • MAY 13, 2011


